Abstract. The release of chemicals following herbivore grazing on primary producers may provide feeding cues to carnivorous predators, thereby promoting multitrophic interactions. In particular, chemicals released following grazing on phytoplankton by microzooplankton herbivores have been shown to elicit a behavioural foraging response in carnivorous copepods, which may use this chemical information as a mechanism to locate and remain within biologically productive patches of the ocean. In this paper, we use a 1D spatial reaction-diffusion model to simulate a tri-trophic planktonic system in the water column, where predation at the top trophic level (copepods) is affected by infochemicals released by the primary producers forming the bottom trophic level. The effect of the infochemical-mediated predation is investigated by comparing the case where copepods forage randomly to the case where copepods adjust their vertical position to follow the distribution of grazing-induced chemicals. Results indicate that utilization of infochemicals for foraging provides fitness benefits to copepods and stabilizes the system at high nutrient load, whilst also forming a possible mechanism for phytoplankton bloom formation. We also investigate how the copepod efficiency to respond to infochemicals affects the results, and show that small increases (2%) in the ability of copepods to sense infochemicals can promote their persistence in the system. Finally we argue that effectively employing infochemicals for foraging can be an evolutionarily stable strategy for copepods.
Introduction
Information-conveying chemicals (infochemicals) play an important role in marine food-web interactions [18] . For non-visual organisms, such as planktonic copepods, infochemicals provide a crucial source of information for locating prey and mates in an otherwise nutritionally sparse three-dimensional environment [e.g. 23] .
Numerous chemicals are released into the marine environment by phytoplankton, and affect copepod foraging in a number of ways. Copepods avoid certain phytoplankton-derived compounds [44, 45] while others, such as phycotoxins [5, 53] and polyunsaturated aldehydes [36] , have deleterious effects on copepod survival and reproduction. Copepods are attracted to algal amino acids [15, 38] and secondary metabolites [49] , suggesting that some phytoplankton exudates may function as infochemical cues to help copepods locate suitable prey items.
A number of modelling studies in the literature have focused on the role of phytoplankton-derived toxins in plankton food chain interactions [e.g . 5] . However, the role of predator attraction to phytoplankton exudates has received little attention [28] . Here we consider phytoplankton-derived dimethylsulphide (DMS) as an example of one of potentially many infochemicals that may mediate interactions over three trophic levels. While the effect of DMS on copepod foraging success remains unresolved [3] , we choose DMS as an example chemical that has been well studied due to its potential impact in climate regulation [4] . Furthermore, DMS is increasingly being recognized as an important marine infochemical, with a number of studies reporting attraction by a wide range of taxa, both in the water [49] and through airborne emissions fluxed to the atmosphere [7, 35] . DMS has been shown to elicit a foraging response in the copepod Temora longicornis [49] suggesting that copepods may use this chemical information when searching for prey. The release of DMS is rapidly accelerated following microzooplankton grazing on phytoplankton [1, 55] . The fact that copepods can detect and modify their behaviour in response to DMS suggests that, in principle, the grazing-induced release of DMS can promote multitrophic interactions between phytoplankton, microzooplankton and copepods by enhancing the copepod search for microzooplankton prey, potentially releasing excessive grazing pressure from phytoplankton [48] . [27] explored a non-spatial model of the interactions between phytoplankton, microzooplankton and copepods under the influence of infochemicals produced following microzooplankton grazing. They found that inclusion of an infochemical term in the model stabilized the population dynamics and could promote the formation of phytoplankton blooms [27] . The vertical distribution of phytoplankton in the oceans is highly heterogeneous, but depth profiles have shown DMS concentrations to correspond well to the chlorophyll maxima [47] , potentially allowing vertically-migrating copepods to use gradients of DMS to locate and remain within profitable foraging patches. Here we extend the work of [27] to consider infochemical-mediated tritrophic interactions in one vertical dimension. We construct a 1-d reaction-diffusion food web model to simulate the grazing-induced production of chemicals in the water column, with an additional ordinary differential equation to model the distribution of vertically migrating copepods foraging under the influence of these chemicals. We show that this model reproduces the main results from [27] , that infochemical-mediated predation has a stabilizing effect on the population dynamics and may promote phytoplankton bloom formation, whilst also demonstrating that utilization of infochemicals provides fitness benefits to copepods, and can be evolutionarily beneficial for this species.
The Model
The following model describes the interactions between small infochemical-producing phytoplankton (P ), microzooplankton (M ) and copepods (Z) between the surface (h = 0) and base of the euphotic zone (h = H). Chemicals (C) are released into the water column following microzooplankton grazing on phytoplankton, which may then act as infochemical foraging cues for copepods to locate microzooplankton prey. The model is given by:
where P , M and C are the densities/concentration at depth h and Z is the average density of copepods over the entire water column. The model is subject to the following boundary conditions to prevent the plankton species from leaving the euphotic zone, and to allow the flux of chemicals to the atmosphere:
In the model, phytoplankton are assumed to grow logistically with maximum rate of growth r and carrying capacity K, where r incorporates both the maximum resource availability and incident light intensity [42] . For the sake of simplicity, we do not explicitly consider depletion of nutrients in the water. Phytoplankton growth is limited by the amount of light available for photosynthesis. This decreases exponentially with depth due to two processes: (i) absorption by water, where φ is the light attenuation coefficient and (ii) shading of phytoplankton in deep layers by phytoplankton in higher layers, which is taken to be the integral biomass of phytoplankton between h and the surface multiplied by the selfshading coefficient ω. This results in a vertical heterogeneity of phytoplankton. Phytoplankton are also subject to a natural mortality m, which is assumed to occur from processes such as sinking out of the euphotic zone and predation from higher trophic levels.
Microzooplankton and copepods follow Holling type II functional responses [19] with maximum grazing/predation rates g & β and half-saturation constants k 1 & k 2 respectively. Microzooplankton convert grazed phytoplankton into new biomass with efficiency γ and are subject to natural mortality at a linear rate µ, while copepods convert microzooplankton with efficiency ǫ and are subject to natural mortality at a linear rate δ. It is assumed that copepods prey on microzooplankton only. This is justified through experimental studies which have shown small DMS-producing phytoplankton to be a suboptimal food source for copepods [33] , who select the nutritionally superior microzooplankton when presented with a choice of prey [e.g. 17] .
Chemicals are produced at a rate η proportional to the rate of grazing of microzooplankton on phytoplankton [1, 55] and leave the system at a rate ν due to processes such as photoxidation and bacterial consumption [46] . The flux of chemicals to the atmosphere is accounted for by the boundary conditions (Eq. 2.7), where F is the flux rate.
It is assumed that phytoplankton and microzooplankton have limited swimming abilities and are therefore subject to a turbulent diffusion, D, due to the surrounding fluid movement. The diffusion coefficient of DMS is similar to that obtained from phytoplankton and microzooplankton swimming experiments in the laboratory [43, 54] , therefore we assume chemicals are subject to the same turbulent diffusion. For the sake of simplicity, we further assume turbulent diffusion is the only mode of transport in the model, and do not take into account factors such as hydrodynamic circulation. Copepods have swimming speeds that N. D. Lewis, A. Morozov, M. N. Breckels, M. Steinke, E. A. Codling Infochemical-mediated interactions are higher than turbulent velocity fluctuations and can therefore move independently of the surrounding water flow [57, 58] . It is for this reason that we model copepods in terms of the integral population size over the water column by an ordinary, rather than a partial, differential equation. In particular, copepods exhibit vertical migrations, often migrating between surface and deep layers several times over short time periods of 0.5-2 days [32] , making the active movement of copepods a fast process in comparison to the passive diffusion of phytoplankton, microzooplankton and chemicals. It would therefore be incorrect to assign an individual copepod to a fixed horizontal layer in the water column in this model time-scale [32] .
The relative density of copepods follows the vertical distribution given by the function z(h), so that integration over the whole column gives H (Eq. 2.4). We consider two different formulations for z(h) in order to compare the following scenarios:
(i) Copepods are homogeneously distributed in the water column i.e. they forage randomly with no mechanism to locate microzooplankton prey:
(ii) Copepods follow the ideal free distribution in its simplest form [IFD; 16, 25] based on infochemicals i.e. copepods adjust their vertical position to follow the instantaneous distribution of chemicals. We suggest here that the copepod response to infochemicals is not concentration dependent. This formulation is given by:
We impose zero-flux boundary conditions for phytoplankton (Eq. 2.5) and microzooplankton (Eq. 2.6) at the surface (h = 0) and base (h = H) of the euphotic zone. We also impose a zero-flux boundary condition for chemicals at the bottom of the euphotic zone, but use a Neumann boundary condition at the surface (Eq. 2.7) to account for the flux of chemicals to the atmosphere.
Parameter values and ranges are based on values found in the literature, and are summarized in Table  1 . We note that the base mortality rate for copepods is slightly lower than reported. This was to prevent copepods from heading to extinction when modelled to forage randomly, allowing us to work with a tritrophic system.
We consider the depth of the euphotic zone to be H = 80m and split this into 300 depth levels to gain a sufficient degree of accuracy. Numerical simulations are begun assuming phytoplankton, microzooplankton and chemicals are uniformly distributed to h = 70m, at densities of 0.5µg C l −1 , 0.1µg C l −1 and 0.001nM respectively, below which the initial density/concentration is zero. The initial density of copepods is 0.05µg C l −1 throughout the water column. We use a time resolution of ∆t = 0.01d. Experimenting with other depth and time resolutions reveals the qualitative behaviour of the model to be robust. All one-and two-parameter bifurcation diagrams were constructed by numerically solving Eqs. (2.1-2.4). Pseudo code for the method used to carry out these bifurcation analyses is given in Appendix A.
The dynamics of the model were explored by extensive numerical simulation in MATLAB [29] . We used the finite-difference method based on the explicit scheme [21] for numerical simulation of the model equations. The integrals in the equations were computed based on the trapezoidal rule [21] . In the following analysis simulations are run for 2000 days unless otherwise stated. This was to allow solutions to tend to equilibrium. We consider copepod extinction to occur if Z < 0.1µg C l −1 at the end of the simulation (see Appendix A). Likewise, phytoplankton bloom formation is assumed to have occurred if an equilibrium is obtained where the density of phytoplankton in the surface layer, P surf , is greater than 50µg C l Figure 1 . The three main dynamical regimes displayed by the model: (a) the predatorprey profile (PP), produced using the fixed values in Table 1 when copepods forage randomly, with δ = 0.015 (copepod mortality) to ensure copepods become extinct, (b) limit cycle behaviour (LC), showing the mean plankton densities, produced using the fixed values in Table 1 when copepods forage randomly and (c) the persistence steady state, produced using the fixed values in Table 1 when copepods follow the ideal free distribution based on chemicals. 
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Results
To gain an initial insight into the behaviour of the model, simulations were run where parameters took values at the boundaries of each parameter range in Table 1 , whilst all other parameters were kept at their fixed values. These initial simulations revealed three main dynamical regimes. The first is the predator-prey vertical profile (PP), where copepods become extinct from the system and phytoplankton and microzooplankton densities tend to a heterogeneous stable steady state ( Figure 1a ). This profile is in agreement with that of [10] for a planktonic predator-prey system. The second is limit cycle behaviour (LC), where the mean (depth-averaged) plankton densities exhibit periodic oscillations ( Figure 1b ). The third is the persistence profile, where all plankton populations tend to a heterogeneous steady state ( Figure  1c ). There were three cases which led to a different steady state profile (O), where P > M ∀ P, M . For each of these cases phytoplankton were unable to bloom. The results of these initial simulations are summarized in Table 2 .
The purpose of the following sections is to assess the effect of infochemical-mediated foraging on (1) copepod fitness, (2) system stability and (3) phytoplankton bloom formation. These sections will provide detail on the above results while exploring the dynamics of the model across the full range of a few parameters of interest.
Copepod persistence and abundance
Using infochemicals to locate microzooplankton prey appears to provide a number of fitness benefits to copepods. In particular, there were seven parameterizations where infochemically informed copepods could persist in the system, but not randomly foraging copepods (Table 2 ). In contrast, there was only one parameterization in which the equilibrium density of randomly foraging copepods was greater than that of chemically informed copepods, this being in a low carrying capacity environment (K = 50µg C l −1 ). However, as will be shown in section 4, this does not necessarily mean that foraging randomly is the better strategy in this case.
Here we carry out bifurcation analyses on the copepod mortality and feeding parameters to further assess the effect of infochemicals on copepod fitness. (Table 1) . Solutions tend to either a stable predator-prey profile (PP) as in Figure 1a Randomly foraging copepods Chemically informed copepods The bifurcation diagrams in Figure 2 show the mean (depth-averaged) plankton densities for different values of the copepod mortality rate, δ. When copepods are assumed to forage randomly, the plankton densities exhibit oscillations until δ = 0.025d −1 where the copepod population becomes extinct, and the phytoplankton and microzooplankton densities stabilize at low levels ( Figure 2a ). Assuming that copepods locate microzooplankton prey through chemodetection initially stabilizes the system until δ = 0.015d Figure 2 . Bifurcation diagrams showing the space-average plankton densities for different levels of copepod mortality, δ, when (a) copepods forage randomly and (b) copepods forage according to the ideal free distribution based on chemicals, produced using the fixed values in Table 1 . The diagram shows the equilibrium densities of the stable steady state or the maximum and minimum densities of the stable limit cycle.
in the system until δ = 0.085d −1 , meaning that copepods that improve the efficiency of their search through chemodetection can survive under greater predation pressure from higher trophic levels. It should be noted that there is a small range of copepod mortality values (δ < 0.02d −1 ) where the density of randomly foraging copepods is greater than that of chemically informed copepods, suggesting that it is beneficial for copepods to forage randomly rather than through chemodetection. Likewise, a similar situation is observed over the full range of the phytoplankton carrying capacity, K (Figure 4 ). We emphasize here that this occurs only for values of δ below the reported range given in Table 1 , and that it was necessary to use a low value of δ to preserve a tritrophic system, and prevent randomly foraging copepods from becoming extinct in this scenario. Table 2 shows copepods to become extinct when parameterized with a low predation rate or conversion efficiency suggesting that, in the absence of infochemical cues, copepods are not efficient enough predators to persist in the system. The two-parameter bifurcation maps in Figure 3 detail copepod persistence and system stability in β − ǫ (copepod predation rate -predation efficiency) parameter space for randomly foraging and infochemically informed copepods. It can been seen from Figure 3a that randomly foraging copepods require large values of both the predation rate, β, and conversion efficiency, ǫ, to persist in the N. D. Lewis Figure 3 . Two-parameter bifurcation maps for the copepod feeding parameters β and ǫ when (a) copepods forage randomly and (b) copepods forage according to the ideal free distribution based on chemicals, produced using the fixed values in Table 1 system whereas Figure 3b shows copepod persistence to be possible for a larger range of parameter values. In particular, copepods can persist in the system with either a low value of β or ǫ provided that the other parameter is high. Furthermore, a stable steady state, as in Figure 1c , is attained over a larger range of parameter combinations when copepods forage according to the ideal free distribution (closed circles in Figure 3 ). When copepods forage randomly limit cycle behaviour, as in figure 1b, is more likely to occur if copepods persist (open circles in Figure 3 ). In this situation, less efficient copepod predators are able to persist by utilizing chemodetection to improve the efficiency of their search for microzooplankton prey (Figure 3b ).
Stabilisation of system dynamics
Use of the ideal free distribution based on chemicals (Eq. 2.9) in the model appears to have a stabilizing effect on the system dynamics. Table 2 shows all parameterisations which display limit cycle behaviour when copepods forage randomly to lead to the stable persistence steady state upon applying the assumption that copepods follow infochemicals. Furthermore, none of the tested parameterizations resulted in limit cycle behaviour when the ideal free distribution based on chemicals was used in the model. Table 1 . The diagram shows the equilibrium densities of the stable steady state or the maximum and minimum densities of the stable limit cycle.
It is a standard result in theoretical ecology that increasing the carrying capacity of the base species in a model has a destabilizing effect on the population dynamics of the system (the Paradox of Enrichment [39, 40] ). The bifurcation diagrams in Figure 4 show the mean (depth-averaged) densities of the plankton species as the phytoplankton carrying capacity is increased. When copepods are assumed to forage randomly the model behaves in the same way as the standard Rosenzweig-MacArthur model [40] , where the initial stable steady state becomes destabilized upon eutrophication (K ≈ 100; Figure 4a ). However, when it is assumed that copepods use infochemicals to locate microzooplankton prey the system is stable over the full range of K (Figure 4b ).
For a large range of the phytoplankton carrying capacity (K > 600) phytoplankton were present at higher densities when assuming copepods forage through chemodetection rather than foraging randomly, with only a small range of K showing the opposite trend (K < 150), supporting the hypothesis that infochemical-mediated predation promotes bloom formation.
Phytoplankton bloom formation
Releasing chemicals that attract the predators of herbivorous microzooplankton appears to function as a mechanism for phytoplankton bloom formation (Table 2 ). In particular, phytoplankton bloom formation was possible for twenty-seven out of thirty parameterizations when copepods were modelled to follow the ideal free distribution based on chemicals, but was not possible when copepods were modelled to forage randomly. Light attenuation (φ) Self−shading (ω) Figure 5 . Two-parameter bifurcation map for the phytoplankton growth parameters φ and ω when copepods forage randomly, produced using the fixed values in Table  1 . Different symbols represent different dynamical regimes: open circles for unstable dynamics and crosses for a heterogeneous stable steady state without blooms (P surf < 50µg C l −1 ).
The two-parameter bifurcation map in Figure 5 shows where stability and bloom formation occurs depending on the phytoplankton growth parameters in φ − ω parameter space when copepods forage randomly. It can be seen from Figure 5 that for φ ≤ 0.063 the system exhibited limit cycle behaviour as in Figure 1b , otherwise the system tended to the predator prey profile as in Figure 1a , meaning that a stable equilibrium where P surf ≥ 50µg C l −1 is not obtained for any parameter combination when copepods are assumed to forage randomly. Hence phytoplankton bloom formation is not possible.
Bloom formation was possible for all parameter combinations when copepods were assumed to forage according to the ideal free distribution based on chemicals (figure omitted), although we note here that the points (β, ǫ) = (0.0195, 0.0005) and (β, ǫ) = (0.121, 0.0005) required more than 2000 days to reach an equilibrium. In this situation, chemicals are released to patches of high biological activity, which are utilized by foraging copepods. The increased copepod predation on microzooplankton releases excessive grazing pressure from phytoplankton, allowing the formation of a bloom.
Infochemical-mediated foraging as an evolutionarily stable strategy
The functions z(h) that describe the vertical distribution of copepods (Eqs. 2.8 & 2.9) assume either copepods make no use of infochemicals, or that copepods can match the distribution of chemicals with 100% efficiency. In reality, chemicals released into a patch of high biological activity will not span the full depth of the water column (see Figure 1c) and hence copepods would have to make use of other cues in their search for microzooplankton prey [56] . In particular, Woodson et al. (2007) [56] showed copepods to use a range of cue hierarchies to narrow search regions.
Taking this into account we modify the function z(h) to include an additional parameter σ, which determines the efficiency with which copepods match the distribution of grazing-induced chemicals. In subsequent sections we term this the 'chemical following efficiency'. The new function is given by:
This formulation combines Eqs. 2.8 & 2.9 to allow copepods to forage both randomly and through chemodetection, where the parameter σ is the relative contribution of infochemicals in determining the vertical distribution of copepods (σ = 1 corresponds to 100% chemical following efficiency). We assume the random foraging proportion of Eq. 4.1 accounts for copepods foraging in layers with no chemicals while the ideal free proportion of 4.1 accounts for copepods foraging within the vicinity of a prey rich patch. We note here that this formulation does not account for copepods foraging through the use of other cues or mechanisms e.g. velocity gradients.
The bifurcation diagrams in Figure 6 show the mean (depth-averaged) plankton densities for different values of the copepod chemical following efficiency, σ, for two values of the copepod mortality rate, δ. When assuming the fixed parameter values of Table 1 , where the copepod mortality rate is below that reported in the literature (δ = 0.01d −1 ), the plankton densities exhibit oscillations until σ = 0.79 (Figure 6a ). This means that, for system stabilization to take place and a phytoplankton bloom to occur, as in Figure 1c , copepods must forage with a 79% chemical efficiency. When the copepod mortality rate is increased to a more realistic value (δ = 0.015d −1 ) copepods that forage randomly (σ = 0) tend to extinction, with phytoplankton and microzooplankton populations tending to a heterogeneous stable steady state at low densities (Figure 1a) . However, Figure 6b shows that increasing the copepod chemical efficiency by only 2% (σ = 0.02) will allow copepods to persist in the system, with the mean plankton densities exhibiting limit cycle behaviour, as in Figure 1b . For system stabilization and bloom formation to take place, as in Figure 1c , copepods must forage with a 93% (σ = 0.93) chemical efficiency ( Figure  6b ). Figure 6 shows, for both values of the copepod mortality rate δ, the copepod density to decrease with increasing copepod chemical efficiency (only for σ > 0.13 when δ = 0.015d −1 ). The variation of species densities shown in Figure 6 for a gradual increase of the chemical efficiency σ does not resolve the fundamental question about possible advantages of using DMS by copepods. Indeed, the total biomass of fully chemically informed copepods (σ = 1) is lower compared to that of randomly foraging copepods. Some understanding of possible advantages of following the distribution of DMS in the water column can be obtained based on theoretical methods of adaptive dynamics and game theory [8, 14] . By implementing those methods, we consider a scenario where a small amount of a new copepod strain (called a 'mutant') with efficiency σ 2 is introduced into the system where the resident strain of copepods with efficiency σ 1 is at some equilibrium dynamical state (this includes both an equilibrium and limit cycle regimes). In the case where the fitness of the mutant is greater than zero then it can successively invade the system and overcompete the resident one. By calling the newly established strain the resident strain, we repeat the same procedure again, etc. The value of the efficiency σ * , corresponding to the evolutionarily stable strategy will be the one for which invasion of any mutant strain (when initially rare) becomes impossible and which is convergence stable, i.e. locally attracting [8] . Note that we consider that the evolution process acts on a much larger time scale than that of any population oscillations, i.e. variation in σ is much slower than that of species densities through a cycle. In this case, mutations in the Table 1 . The diagrams show the equilibrium densities of the stable steady state or the maximum and minimum densities of the stable limit cycle. Simulations were run for 3000 days with the final 500 used to assess stability (see Appendix A). This was to produce a smoother graph. chemical efficiency occur so rarely that the model trajectories are always settled on the attractor before another mutation occurs.
Our direct numerical simulation based on the introduction of a mutant strain reveals that for the model parameters belonging to the considered range (see Table 1 ), the evolutionarily stable strategy will be the one corresponding to the fully chemically informed copepods (σ = 1). Note that we consider that all other parameters (e.g. mortality rate, maximum feeding rate, etc.) describing the competing copepod strains to be the same, i.e. we assume that there is no trade-off between the efficiency σ and other life traits. In this case, any copepod strain with a lower efficiency cannot invade the system of fully chemically informed copepods; moreover, this state is globally attracting, i.e., all random mutations of strategies starting from a smaller σ will eventually evolve to σ * = 1. This conclusion is also confirmed by construction of a standard pairwise-invasibility plot technique [8, 14] . Note that at σ = 1 the gradient of the invader fitness does not vanish as it is a standard requirement of the evolutionarily singular point [8] , this is due to the fact that the value σ = 1 is located at the boundary of the possible range of σ. For the sake of brevity we do not present the corresponding pairwise-invasibility plot here. Thus, despite the fact that the fully chemically informed copepods exhibit smaller overall density Z, the strategy to entirely follow the vertical distribution of DMS becomes evolutionarily more advantageous.
It can be shown that the analytical condition of the evolutionarily stable strategy σ * in model (2.1-2.4), in the case of stationary dynamics, is an equilibrium point given by:
which emphasizes the fact the fitness of the resident strain should be maximal compared to that of the other strategies [8] ; here z(h, σ) is given by Eq. 4.1. In the case of periodic oscillations, we need to maximize the time average values of fitness through the period. Numerical simulation and analytical investigation (see Appendix B) of the above condition shows that although transition to σ = 1 results in a lower total amount of copepods (see Figure 6 ), the shape of the copepod vertical distribution z(h, σ) becomes closer to that of M , thus the local consumption rate becomes higher at depths with larger M , thus the overall integral consumption becomes higher and condition (4.2) holds. It is also possible to come up with a simpler (but not mathematically strict) explanation of the advantage to have σ * = 1 for copepods. The point is that fully chemically informed copepods can persist with lower levels of resource (i.e. the average density of microzooplankton through the column) than copepod strains with σ < 1. Copepods with σ = 1 feed preferentially at depths with a high density of microzooplankton and can compensate the low overall level of microzooplankton. On the contrary, randomly foraging copepods cannot invade the equilibrium state of the fully chemically informed copepods, since their survival would require larger values of M than the equilibrium level of fully informed copepods. This effect is similar to the well-known result from competition theory where the most effective competitor becomes the one which can reduce the resource to the minimal level and survive at this level, which would not be possible for the other consumers of this resource [51] , [41] . Finally, we should say that in this study we neglect the existence of any trade-off functions between the efficiency and the other parameters (e.g. mortality rate), which could potentially change the main prediction about σ * = 1 always being the evolutionarily stable strategy.
Discussion
Here we have used a 1-d reaction-diffusion food web model with an additional ordinary differential equation for copepod dynamics to investigate the effect of grazing-induced infochemicals on multitrophic plankton interactions. Our results are comparable to the main results of [27] , who found such interactions to have a stabilizing effect on the population dynamics and to promote the formation of phytoplankton blooms. [27] used a non-spatial model where an increase of microzooplankton grazing on phytoplankton led to an increase in the microzooplankton mortality rate, assumed to be through increased predation by copepods. Here the release of grazing-induced chemicals acts to alter the distribution of copepods in the water column, so that overall predation increases in prey rich patches due to an increase of copepods migrating to these areas, rather than through an increase in the copepod predation rate. This mechanism is consistent with laboratory studies which have shown copepods follow chemical trails to track mates [23] , and aggregate in layers rich with prey [e.g. 38, 52] . Additionally we have shown that foraging through the use of chemodetection provides fitness benefits to copepods and forms and evolutionarily stable strategy.
The release of grazing-induced chemicals may enhance copepod foraging in a number of ways and at different spatiotemporal scales. The distribution of phytoplankton in the oceans is highly heterogeneous [6] . However, depth profiles from the ocean have shown chemicals such as DMS to correspond well to the chlorophyll maxima [47] , potentially allowing vertically migrating copepods to locate and remain within prey-rich patches. This was taken into account in our model through use of the ideal free distribution (Eq. 2.9), which allowed copepods to follow the instantaneous distribution of grazing-induced chemicals. Our results indicate that this allowed less efficient copepods (parameterized with low predation rates, β, or conversion efficiencies, ǫ) to persist in a system where they would have otherwise become extinct (Figure 3) . Furthermore, copepods that foraged through chemodetection were able to persist under greater predation pressure from higher trophic levels in comparison to randomly foraging copepods (Figure 2 ). This is a consequence of increased copepod growth rates through the conversion of more predated microzooplankton into new biomass. It should be noted that there were a few cases where copepods appeared to benefit from foraging randomly, these being the phytoplankton carrying capacity, K, and copepod chemical efficiencies, σ. However, in the case of the phytoplankton carrying capacity, we emphasize that we used a copepod mortality value below the range reported in Table 1 in order to produce limit cycle behaviour in the model. In the case of the copepod chemical efficiency, we demonstrated that even though copepods with low σ values tend to higher population densities, utilizing infochemicals forms an evolutionarily stable strategy for copepods, and foraging randomly is not the best strategy to adopt. It should also be noted that use of the ideal free distribution assumes copepods have total freedom of movement and knowledge of the entire water column [12] , [31] . Copepods can be modelled more realistically through use of a diffusion model with chemotaxis terms [e.g. 12], however, such an approach was beyond the scope of this paper.
Our spatial model of multitrophic interactions provides an insight regarding the potential advantage of using chemical cues by copepods. We demonstrate (Section 4) that utilizing infochemical-mediated foraging to locate microzooplankton prey is an evolutionarily stable strategy, and hence those copepods which apply this strategy obtain an advantage over randomly foraging strains. As a result, chemically informed strains of copepods will eventually outcompete those which forage randomly. Moreover, the model predicts that eventually, starting from purely random foraging behaviour (σ = 0), the strategy will finally evolve to the scenario where copepods follow the vertical distribution of chemicals with 100% efficiency (σ = 1). Interestingly, the transition to the maximal efficiency results in lower values of the overall biomass of copepods (see Figure 6 ). The fully informed copepod strain would minimize the level of total available resource (microzooplankton); however, it is able to compensate low food densities by foraging at depths with high abundance of microzooplankton. The other copepod strains with smaller efficiency σ cannot survive at low resource densities and eventually die out. We should emphasize, however, that in our assumptions we neglect the possibility of the existence of possible trade-offs between the efficiency and other life history traits such as mortality, maximal growth rate, etc. Taking into account such trade-offs (e.g. the ability to precisely follow the gradient of infochemicals can require extra energy allocation and search time of copepods) could make the strategy with 100% efficiency less beneficial for copepods and the evolutionarily stable strategy would be observed for some other intermediate values of σ.
When considering randomly foraging copepods, our results are consistent with those of Rosenzweig & MacArthur (1963) [40] who showed that an initially stable system can become destabilized upon eutrophication (higher K; Figure 4a ). Assuming that copepods forage through chemodetection stabilizes the dynamics so that the system tended to the persistence stable steady state (Figure 1c ) across the full range of K. These results are consistent with [27] , who showed infochemical-mediated predation to be stabilizing, and Morozov et al. (2011) [32] , who showed vertical heterogeneity to have a stabilizing effect of the system dynamics, even at an unlimited nutrient load.
If the release of chemicals following microzooplankton grazing enhances their susceptibility to copepod predation, this may provide a 'loophole' in the microzooplankton grazing impact, leading to the formation of a phytoplankton bloom [20] . In the model presented here, phytoplankton bloom formation was possible for twenty-seven out of the thirty parameterizations given in Table 2 when copepods were assumed to forage according to the ideal free distribution, but was not possible at all when copepods foraged randomly. Furthermore, phytoplankton bloom formation was only possible when considering infochemically informed copepods in the analysis of the phytoplankton growth parameters ( Figure 5 ). This is in agreement with laboratory and field studies that have shown the main impact of copepods on small phytoplankton species to be induced indirectly by predation on microzooplankton, releasing excessive grazing pressure from phytoplankton and, in some cases, leading to bloom formation [17, 34] . The idea of an induced chemical defence in unicellular marine algae is controversial, as natural selection maximizes fitness at the level of the individual [24] . In the marine environment, individual cells lack fixed spatial associations and cannot, therefore, target infochemicals [26] . Consequently, the benefits of the chemical defence would be shared by not only cells of the same species but also by cells of other competing species. This is not an evolutionarily stable strategy as it gives rise to 'cheaters' who gain the benefits of the chemical defence without the metabolic costs of its production [26] . However, some chemicals proposed to function as defences, such as DMS, also serve several intracellular functions [e.g. 50]. It has therefore been proposed that the evolution of such defence mechanisms in phytoplankton has been driven by the need for metabolic processes [37] . Another possible explanation for the benefits of producing infochemicals can be spatial heterogeneity on microscales. For instance, at any given depth the concentration of DMS can vary at small scales and be higher near phytoplankton cells producing the infochemicals and lower in the vicinity of cells which do not produce them. As a result, copepods can be attracted by such microgradients of infochemicals and feed nearby. Thus infochemical producing algal colonies will be more likley to be released from microzooplankton grazing than other phytoplankton species. In our paper however, we consider a coarse spatial resolution and we do not model the mentioned effects of heterogeneity on microscales.
Chemicals released following grazing will not span the full depth of the euphotic zone, but will be transported to the surrounding area via turbulent diffusion. This can be seen in Figure 1c for our model, which shows the majority of phytoplankton to be concentrated in the upper 20m of the euphotic zone, with chemicals abundant in the upper 30m. In reality this means that only copepods in the vicinity of an area of high biological activity will be able to make use of such chemical information, with copepods outside this area having to forage randomly or make use of other prey related cues. Woodson et al. (2007) [56] suggested a copepod cue hierarchy, employed by copepods to narrow their search for prey. They estimated that, in a 25m water column, the majority of phytoplankton biomass is concentrated in 4-16% of the habitat, with chemical exudates increasing this area to 4-20% and other prey related cues, such as velocity gradients, to 15-25% [56] . The model presented here does not account for a 'two-phase' strategy of copepods that varies with depth, however, the formulation given by Eq. 4.1 does allow us to vary the amount by which copepods forage randomly and through chemodetection by allowing us to adjust the efficiency with which the copepod distribution matches that of chemicals. It was shown that increasing the chemical following efficiency of randomly foraging copepods by just 2% allowed them to persist with a mortality rate that would have otherwise driven them to extinction. A 79-93% chemical following efficiency was required for system stabilization and phytoplankton bloom formation to take place. Such a high chemical following efficiency is unlikely in nature [56] , but the effects may be possible if the utilization of infochemicals is combined with other cues and search strategies not accounted for within our model. Furthermore, by considering the chemical following efficiency of a competiting copepod population, we were able to demonstrate that using chemodectection to locate microzooplankton prey forms an evolutionarily stable strategy for copepods in this system.
In this paper we have used DMS as an example infochemical that has been well quantified in other modelling studies. DMS has been shown to elicit a behavioural foraging response in many marine organisms, including the copepod T. longicornis, suggesting that copepods may use this chemical information when searching for microzooplankton prey [49] . As the production of DMS is rapidly accelerated following microzooplankton grazing on phytoplankton [1, 55] , DMS is a potential candidate for the mediation of multitrophic interactions in the plankton [48] . A recent laboratory study found no differences in the pooled time budget of individual copepods allocated to slow swimming (associated with foraging) when subject to high or low DMS treatments [3] , however, these experiments can be considered to examine the behaviour of individual copepods once in a prey patch. Further experiments are needed to assess the effect of DMS at the population level on a larger spatial scale. Regardless, infochemicals are ubiquitous in the marine environment and play important roles in the structure and functioning of marine food webs [18] . The model presented here gives an insight into the possible function of infochemicals in a planktonic food web, and presents a potential mechanism for system stabilization and bloom formation.
